Abstract The purpose of this study was to develop an easily created tumor-mimic model and evaluate its efficacy for radiofrequency ablation (RFA) of the lung. The bilateral lungs of eight living adult swine were used. A tumor-mimic model was made by percutaneous injection of 1.0 ml muscle paste through the bone biopsy needle into the lung. An RFA probe was then inserted into the tumor mimics immediately after tumor creation. Ablation time, tissue impedance, and temperature were recorded. The tumor mimics and their coagulated regions were evaluated microscopically and macroscopically. The muscle paste was easily injected into the lung parenchyma through the bone biopsy needle and well visualized under fluoroscopy. In 10 of 12 sites the tumor mimics were oval shaped, localized, and homogeneous on gross specimens. Ten tumor mimics were successfully ablated, and four locations were ablated in the normal lung parenchyma as controls. In the tumor and normal lung parenchyma, ablation times were 8.9 ± 3.5 and 4.4 ± 1.6 min, respectively; tissue impedances at the start of ablation were 100.6 ± 16.6 and 145.8 ± 26.8 X, respectively; and temperatures at the end of ablation were 66.0 ± 7.9 and 57.5 ± 7.6°C, respectively. The mean size of tumor mimics was 13.9 9 8.2 mm, and their coagulated area was 18.8 9 13.1 mm. In the lung parenchyma, the coagulated area was 15.3 9 12.0 mm. In conclusion, our tumor-mimic model using muscle paste can be easily and safely created and can be ablated using the ablation algorithm in the clinical setting.
Introduction
Radiofrequency ablation (RFA) has recently been introduced as a minimally invasive therapy established for the treatment of unresectable primary and secondary liver malignancies. The high success rates and low complication rates associated with RFA of liver tumors have given impetus for the application of RFA to be extended to lung tumors. The clinical use of RFA has been expanded to the treatment of unresectable lung malignancy, but several aspects remain unclear, such as the most suitable algorithm for ablation and the verification of necrosis. Because there are significant structural and physiologic differences between liver and lung parenchyma, specific RFA protocols should be developed for the treatment of lung tumors. Several studies have used an animal model to assess the safety margin for RFA of solid lung nodules; several kinds of tumor models have been used, such as VX2 carcinoma [1] [2] [3] [4] , canine transmissible venereal tumor [5, 6] , agarosebased mixture tumor [7] [8] [9] , and a solution combining gelatin and agar [10] ; however, much time and effort are required to produce a pulmonary tumor model. For this reason it is considered necessary to develop an easily and safely created tumor model of the lung in an animal that has lungs. The purpose of this study was to develop an easily and safely created model that mimics tumor and to evaluate whether it can be ablated using the ablation algorithm in the clinical setting and is an appropriate model to examine the most optimized ablation method in an experimental study of RFA of the lung.
Animal care complied with the ''Principles of Laboratory Care'' formulated by the National Society for Medical Research. All procedures were performed by the first author and two other authors (T.K. and K.S.), each of whom has more than 5 years of experience with the clinical use of RFA of malignant lung tumors.
Tumor-Mimic Model
We created a new tumor-mimic model in which muscle paste was injected into the target organ. The muscle of the thigh was first excised from living swine under general anesthesia and then ground by hand using a pestle in an earthenware mortar for approximately 10 min at room temperature until it became paste (Fig. 1A) . A small amount of barium powder was added to the muscle paste (1 g barium powder to 9 g muscle) to improve the visibility under fluoroscopy; a 2.5-ml syringe was then filled with the muscle paste (Fig. 1B) . A bone biopsy needle (13 gauge, 10 cm long; Bone Marrow Harvest Needle; Medical Device Technologies, Gainesville, FL, USA) was inserted into the targeted organ under fluoroscopic guidance (Infinix Celeve CC; Toshiba Medical Systems, Ohtawara, Tochigi, Japan); the syringe was connected to the bone biopsy needle and 1.0 ml of the paste was injected into the target organ (Fig. 1C ).
Radiofrequency Ablation of Tumor Mimics in the Lung
We used the bilateral lungs of eight living female swine (weight, 37.7-42.9 kg) to evaluate the efficacy of RFA for 12 tumor mimics. In addition, one tumor mimic was created as a nonablated control tumor. These animals were intubated and anesthetized with halothane, placed in the supine position, and ventilated with an artificial respirator. Two standard steel-mesh grounding pads were placed on the thighs. The tumor implantation procedure was initiated percutaneously with an intercostal incision. A bone biopsy needle was inserted into the middle and lower lobes in the bilateral lungs, the muscle paste was injected into the lung parenchyma through the bone biopsy needle, and tumor mimics were created. After the creation of a tumor mimic, an RFA probe was inserted through the bone biopsy needle into the tumor mimic for ablation (Fig. 2) . RFA was performed for 12 tumor mimics and at four locations in normal lung parenchyma as controls.
All ablations were performed using an RFA system consisting of a single internally cooled electrode with a 2-cm active tip (Cool-tip; 17 gauge, 15 cm long; Covidien, Fig. 1 Muscle paste. Thigh muscle was excised and then ground into paste with a small amount of barium powder in an earthenware mortar (A), before being placed in a 2.5-ml syringe (B). The muscle paste was then injected through a bone biopsy needle connected to the syringe (C)
Mansfield, MA, USA), and a radiofrequency (RF) generator (Cosman Coagulator-1; Covidien, Mansfield, MA, USA), capable of producing a maximum output of 200 W. The generator delivered pulsed RF energy via impedance control. Tumor ablation was conducted using the following protocols. Ablation was started at 20 W and the power was increased stepwise by 5 W every minute until a rapid elevation of impedance suggestive of tissue boiling occurred, so-called ''breakdown.'' After a cooling period of several minutes, a second session was begun with the electrode in the same position until the second ''breakdown.'' The total ablation time was recorded and the temperature of the ablated area was measured at the end of ablation. The tissue impedance and wattage were recorded at the start of ablation and at intervals of 1 min throughout the procedure. The bone biopsy needles remained in place until the end of the procedure to prevent bleeding or pneumothorax.
Autopsy Findings
The tumor mimics and ablated areas were examined macroscopically and microscopically. All swine were euthanized with an injection of KCl solution at 3 h after the procedures, after which the lungs were extracted. The ablated areas were cut in planes along the electrode tract. We measured the long and short axes of the tumor mimics and the discolored coagulated regions on the gross specimens. After measurement, lung specimens were suspended in 10% formalin solution for fixation. The specimens underwent standard histologic processing and were stained with hematoxylin/eosin. Selected stained sections were evaluated by light microscope.
Statistical Analysis
Mann-Whitney U-test was used to identify differences between the two groups of tumor mimics and normal lung parenchyma with regard to ablation time, tissue impedance, and temperature of the ablated areas. A p-value \0.05 was considered to indicate statistical significance.
Results
Tumor inoculation was performed within 1 h after muscle was harvested from the thigh. The muscle paste was easily injected into the lung parenchyma, and the tumor mimics were easily created and clearly visualized under fluoroscopy (Fig. 2B ). There were 2 procedural failures in 12 tumor mimics created (16.7%), in which the muscle paste overflowed into the thoracic cavity. In these cases, the tumor mimics broke up; these experiments were excluded from the results because of the instability of impedance during ablation. The remaining 10 tumor mimics were created in front of the bone biopsy needle and were clearly demarcated as oval-shaped nodules under fluoroscopy. The RF probes were accurately placed in the tumor mimics and RFA was successfully completed in all 10 tumor mimics; these ablated areas were entered for evaluation. Four ablations performed in normal lung were evaluated as controls. The total ablation time ranged from 3.0 to 14.5 min (mean ± SD, 8.9 ± 3.5 min) in tumor mimics, and from 2.0 to 6.5 min (mean ± SD, 4.4 ± 1.6 min) in lung parenchyma. The RF generator showed that impedance at the start of ablation ranged from 78 to 130 X (mean ± SD, 100.6 ± 16.6 X) in the tumor mimics, and from 100 to 168 X (mean ± SD, 145.8 ± 26.8 X) in lung parenchyma. Ablation time in tumor mimics was significantly longer (p \ 0.05), and impedance in tumor mimics was significantly lower (p \ 0.05), than in lung parenchyma. For almost every tumor mimic, impedance was kept at a constant low value during RF energy instillation. The temperature of the electrode tip at the end of ablation ranged from 53 to 77°C (mean ± SD, 66.0 ± 7.9°C) in tumor mimics, and from 51 to 70°C (mean ± SD, 57.5 ± 7.6°C) in lung parenchyma. No statistically 
Parameter
Tumor mimics (n = 10) Lung parenchyma (n = 4) p-value
Total ablation time (min) 8.9 ± 3.5 4.4 ± 1.6 \0.05
Impedance at start of RFA (X) 100.6 ± 16.6 145.8 ± 26.8
\0.05
Temperature at end of RFA (°C) 66.0 ± 7.9 57.5 ± 7.6 NS Note: n, number of ablated lesions; NS, not significant Fig. 3 Gross specimen of ablated area in the lung. The tumor mimic is localized, well circumscribed, and oval in shape. All tumor mimics had a homogeneous yellow-ocher cut surface showing total ablation of the mimic. The coagulation area is a well-defined ellipsoid region consisting of a centrum with dark-brown discoloration with a peripheral dark-reddish rim. The nodule is surrounded by a region of thermal coagulation significant difference was found between the two groups with regard to the temperature of the ablated area (Table 1 ). In the gross specimens, tumor mimics were localized, well circumscribed, and oval in shape. All tumor mimics had a homogeneous yellow-ocher cut surface showing their total ablation. The coagulation sites were well-defined ellipsoid regions consisting of a centrum with dark-brown discoloration and a peripheral dark-reddish rim (Fig. 3) . The mean size of tumor mimics was 13.9 9 8.2 mm; the mean size of their coagulated areas was 18.8 9 13.1 mm. In the lung parenchyma control, the mean size of coagulated areas was 15.3 9 12.0 mm ( Table 2) . Seven of the 10 tumor mimics (70%) were completely surrounded by a region of thermal coagulation. Regions of thermal coagulation extended to the lung surface in 3 of the 10 nodules (30%).
Microscopic Examination
Skeletal muscle cells at the tumor mimics showed disappearance of the nuclei and striated muscle fiber showing typical change of coagulation necrosis in the postablation phase. The fundamental lung tissue structure seemed to remain in the peritumoral coagulation area; however, lung parenchymal cells showed eosinophilic cytoplasm with pyknotic nuclei and alveolar exudates, corresponding to early changes in coagulation necrosis (Fig. 4) .
In the nonablated tumor mimics, viable cells were partially observed, in which the nuclei and striated muscle fiber remained (Fig. 5) .
Discussion
The air within the alveoli has naturally high impedance and functions as an electrical insulator. Thus, the high impedance of normal lung parenchyma located around the targeted tumor can make it difficult to achieve a so-called ''safety margin'' of peritumoral ablation in the lung parenchyma. Additionally, the difference in impedance between solid tumor and the air in the alveoli that surrounds the tumor may also limit the process of RFA. Because of these conditions peculiar to the lung, the most appropriate method of pulmonary RFA is still unclear. Additionally, because there is a great difference in ablation parameters between a solid lung tumor and a normal lung parenchyma, experimental study of RFA using no solid tumor but only a normal lung parenchyma may not be appropriate. In fact, we demonstrated the difference in ablation parameters between the tumor and the lung parenchyma. It is necessary to examine ablation protocols using a lung tumor model.
Basic experimentation using a tumor model is indispensable for evaluating other suitable ablation protocols. Several kinds of tumor models have been reported, such as pulmonary VX2 carcinoma, canine transmissible venereal tumor, a solution combining gelatin and agar, and an agarose-based tumor mixture. Goldberg et al. [1] and Miao et al. [4] reported the results of RFA of pulmonary VX2 tumors in rabbits. Goldberg et al. reported that percutaneous inoculation of rabbits' lungs with VX2 tumor cells resulted in the growth of a solitary pulmonary nodule (mean diameter, 8 mm) in 11 of 24 animals (46%). When seven of these tumors were treated with computed tomography (CT)-guided RFA, residual peripheral nests of histologically viable tumor were present in three of them (43%). Miao et al. reported preparation of one VX2 tumor per rabbit in all 18 animals; local growth was seen in 3 of 12 RFA tumors (25%) by the open-surgery method. Ahrar et al. [5, 6] identically reported percutaneous RFA of lung tumor using freshly harvested canine transmissible venereal tumor in 10 dogs. They created lung tumors using inoculated fresh tumor fragments that were introduced into the lung by intraarterial or percutaneous methods; they achieved more predictable tumor growth by percutaneous inoculation and demonstrated thermal coagulation necrosis of solitary tumors. Although these tumor models might be appropriate for RFA of the lung, they also presented some problems. In the case of the VX2 and canine transmissible venereal tumor models, the procedure used to prepare the valuable tumor model was complicated and the animal required monitoring for several weeks until the desired tumor size was achieved. Additionally, each of the created tumors may show uneven performance and indefinite reproducibility. Scott et al. [7] reported creating a sonographic phantom using an agarose-based tumor mixture containing 3% agarose, 3% cellulose, 7% glycerol, and 0.05% methylene blue. They injected tumor mimics into in vivo porcine livers and reported that neither tissue impedance nor ablation size was significantly different between liver parenchyma and tumor mimics; however, this method also took several weeks to achieve a tumor model suitable for RFA. Nomori et al. [10] reported a tumor model using a solution of 25% gelatin and 5% agar. They created tumor mimics comparatively simply in swine lung parenchyma and the procedure could be started immediately after injecting the gelatin mixture; however, 6 of the 10 gelatin nodules unfortunately had nonablated areas, and lung tissue surrounding these nodules was rarely ablated, probably due to its low thermal conductivity. To obtain complete ablation of the tumor, ablation must include both the tumor and the surrounding lung tissue.
The materials in our study were easily prepared using skeletal muscle paste for the tumor mimics, and the procedure was begun immediately after injection of the paste. Percutaneous inoculation of lung parenchyma with muscle paste led to the development of a solitary pulmonary nodule that was clearly visible under fluoroscopy, forming a predictable solid configuration without dispersion along the bronchial tubes or blood vessels. When necessary, we could easily control the visibility and viscosity by adjusting the quantity of barium or the period for which the muscle was ground, respectively. The size of tumor mimics could be controlled by adjusting the quantity of muscle paste.
In our study, most of the tumor mimics were created just in front of the bone biopsy needle. The RF probe could be accurately placed in the tumor mimic only under fluoroscopy, because the probe was inserted into the tumor mimic through the same needle. We found some reports of CTguided [1] [2] [3] 6] or open-surgery puncture [4, 10] technique for RF probe insertion for lung tumor in experimental studies. Though CT-guided RFA is the most common technique in the clinical setting, most researchers do not have CT machines only for animal use. Our procedure might be very simple and efficient.
We formed the hypothesis that our tumor mimic could also be used to mimic solid tumor in the lung. In the tumor mimic, its impedance during RF energy instillation using the ablation algorithm in the clinical setting was kept at a constant low value, which enabled an adequate amount of energy or adequate RF duration to be applied. All tumor mimics had a homogeneous yellow-ocher cut surface showing total ablation of the mimic; however, energy delivered through a Cool-tip electrode proved insufficient to encompass the entire tumor mimic together with a peripheral safety margin in some cases.
The temperature of the electrode-tissue interface can be decreased by internal cooling perfusion; therefore, the RF energy delivery and lesion size can be increased by preventing or postponing tissue carbonization. Dixon [11] reported that coagulation necrosis develops when the temperature rises to a certain level ([70°C). In the tumor mimics, the temperature of the electrode tip rose to 66.0 ± 7.9°C immediately after the second ''breakdown.'' The lung parenchymal cells surrounding tumor mimics showed early coagulation necrosis immediately after the procedure upon hematoxylin/eosin staining; however, it is difficult to judge necrosis of muscle paste cells because of the process used to make the tumor-mimic model.
The present study has some limitations. Our tumormimic model is not completely viable because of the process used to make the muscle paste. But the purpose of our tumor-mimic model was not to examine the necrosis of the tumor itself, but to examine the ablated area of both the tumor mimic and its surrounding tissue. Additionally, we did not evaluate the long-term effects following lung RFA. We are unsure whether the nonablated areas on hematoxylin/eosin staining might later advance to necrosis.
In conclusion, our tumor-mimic model using muscle paste was easily and safely created, and was ablated using the ablation algorithm in the clinical setting. It may well be a simple and effective method for use in experimental studies of RFA of the lung.
